Abstract-On the basis of friction factor relationships of a simple model a method is developed which allows the prediction of friction factors for turbulent flow in non-circular channels if only the geometry factor of the pressure drop relationship for laminar flow is known. The proposed method of calculation is tested with numerous experimental results from the literature with respect to non-circular channels such as triangular shaped ducts, eccentric annuli and rod bundles in hexagonal and square arrays in circular tubes, hexagonal and square channels. It turns out that the proposed method provides an excellent description of all the experimental data at hand.
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The pressure drop relationship for laminar flow is with the maximum velocity Umaxs the velocity averaged over the flow cross section U,,,, and the friction velocity U* = J(7;wlp).
Maubach was able to show that this geometry parameter G has a characteristic value for each where the constant K is a geometry factor, because it is determined solely by the geometry. It is the eigenvalue of Poisson's equation.
For turbulent flow there is also a geometry factor, as has been proved by Maubach [5] for circular tub es, annular zones, and parallel plates. This geometry factor G of turbulent flow turns out to be solution to the dependence on geometry of the friction factors.
Below, a method is developed and tested for various non-circular channels by means of numerous measured results which allows the friction factor for turbulent flow to be indicated in a simple way. The only condition on which the method can be applied is the required knowledge of the geometry factor of laminar flow. However, geometry factors of laminar flow are known for a variety of non-circular channels or else can be determined quickly and rather accurately by numerical calculation procedures.
A few methods are mentioned in the literature which can be used to calculate the friction factor for turbulent flow on the basis of laminar solutions [1] [2] [3] [4] . These methods willnot be mentioned in more detail in this paper because the method outlined here is basically different and refers only to the geometry factors of the pressure drop relationships. For this purpose, the geometry factors will be explained very briefly.
the pressure drop relationships are written as follows [5] :
where L is the length characterizing the flow cross section, which is the thickness of the flow layer in the geometries studied by Maubach. As is evident, the following questions arise in the light of these facts:
(1) Can a relationship be established between the two geometry parameters K and G for laminar and turbulent flow, respectively? (2) What must be the structure of the pressure drop relationships for channels with the wall shear stress variable on the circumference in order to fully take into account both experimental and theoretical results?
shape of channel, which value is independent of, for instance, the roughness of the channel or the Reynolds number, if, in case of small Reynolds numbers, the factor is left out of account that the sublayer close to the wall gives rise to a minor correction. Of course, this geometry parameter occurs also in the pressure drop relationships of the geometries studied by Maubach. Under the condition of a universal velocity profile existing for the channels investigated, such as Nikuradse's profile, 3 . MULTICHANNEL EFFECT For more detailed studies ofthe pressure drop behaviour of channels with wall shear stresses variable on the circumference it is necessary to visualize the characteristics of such channels. One characteristic all these channels have in common is a different curvature of the walls either, as in the case of annuli, there are different radii of curvature of the walls or, as in triangular shaped ducts, discontinuities in the curvature of the wall in the corners. Now, it has been proved in a large number of experiments that the velocity profile obviously is not influenced by (2) (1) ).Re=K
In this way the wanted friction factor A of the entire channel has been found. Gi = U;:;ax -U;;, = 3·966. 
where Pi is the pressure in the ith channel of the diameter D i:
Now, according to Maubach [5] , the following friction law (4) applies for smooth circular tubes with L = DJ2 and 11 Ij&,YJj(~) = 1 (13) j=l U* = umJ(D (8) [
with the geometry parameter for Reynolds numbers Re < 10 6 the curvature of the wall (7) (8) (9) (10) (11) . Results obtained on annuli by Brighton and Jones [12] showing a dependence of the velocity profile on the curvature of the wall do not agree with measurements by Quarmby [18] . Quarmby concludes that the results by Brighton and Jones are wrong. However, we believe the results by Brighton and Jones have been misinterpreted because of the assumption that the line of maximum velocity was identical with the line of zero shear stress [14] , which results in a dependence on wall curvature of the velocity profile in the results of Brighton and Jones.
Another characteristic of the channels with a wall shear stress variable on the circumference is the existence of zero shear stress lines in the flow area. Such flow channels can be subdivided along these lines because, averaged over time, there is no momentum transport across these lines. Such subdivision gives rise to parallel subchannels which are independent of each other. Since these subchannels in general have different flow cross sections and wall fractions, the way in which the individual parallel channels interact and the relationships that can be derived from such interaction must be investigated.
Parallel circular tubes
These relationships will be derived by a simple example which can be described unambiguously in terms of the solutions available. For this purpose, the model of parallel circular tubes suggested by Maubach will be used.
We look for the friction factor of a number of smooth, parallel connected circular tubes of various diameters with inner flow, that is a flow channel with several sub-channels.
An incompressible, isothermal, fully developed turbulent flow is assumed. In addition, the tubes are assumed to be long enough to make the inlet and outIet losses small relative to the friction pressure drop. Hence, it applies for all the parallel channels that apo af = const. (5) and the hydraulic diameter of the entire channel From (7) it follows with (12)
x{2'5In[ReJG)~~:J] + 5' 5 -G} (17) and for the entire channe1
Since the quantities of A and G* defined in (19) and (20) depend only on the diameter and area relationships and the geometry parameter Gi'
A and G* are two new geometry parameters which are independent of the flow condition, i.e. the Reynolds number. F or laminar flow in the sub-channels it applies for each tube that (24) (23)
Substituting (16) in (14) yie1ds
N ow, the pressure drop relationship of the entire channel can be written as
The continuity equation (11) and (10) can be used to find for the geometry factor of the entire channe1 in the case of laminar flow (18) A comparison of coefficients makes (17) and (18) 
NEW METHOD OF CALCULATING FRICTION FACTORS
A comparison of Figs, 1 and 2 clearly indicates that the friction factor in turbulent and laminar tlows show a similar behaviour. In laminar flow, the dependencies are more marked than in turbulent flow, but the basic shape of curves is the same. The same results are found by comparing the measured results obtained from triangular shaped ducts, eccentric annuli, and rod bundles for laminar and turbulent flows. It turns out that if, for a specific geometry, the friction factor for laminar flow drops below the circular tube value, also the friction factors for turbulent flow are lower than the circular tube values, and vice versa.
If this effect can be ascribed mainly to the geometry factors of the pressure drop relationships, it must be possible to establish a relationship between the geometry factors. Since, in
laminar flow, only one geometry factor K is needed to describe the pressure drop relationships, whereas it takes two, namely A and G*, in the case of turbulent flow, as we have seen, the geometry factors A and G* are plotted over K. A/AR Re = 10 5 0·657 0·557 0·709 0·912 0·999
A comparison with (18) results in (32) and with (28) in
laminar solution of the annular zone turns out to be [15] 64(x 2 -1? 26) with the annular zone parameter (cf. Fig. 4) r o x = -. (27) r.
The values of the parameter G* for the annular zone in a turbulent flow are obtained from Maubach [5] as
for smooth walls and in an analogous way as in (7) and with (6) and
to be Table 2 lists the values of the geometry factors K and G* for various values of x. In addition, it is seen that A = 1 for annular zones, which is no surprise because there is a constant wall shear stress on the circumference and no subchanne1s can be generated.
The parameters A in Fig. 5 obtained from the multitube calculation also can be represented in a curve in good approximation which, in this case, is a straight line.
The geometry factors A and G* represented above for turbulent flow in channe1s can now be used to establish pressure drop relationships also for other geometries, if the geometry parameter K for laminar flow is known.
For a number of flow channels, the laminar observed in non-circular channeIs of course are not taken into account in a method like this. In the same way, a momentum exchange between the individual sub-channels of a rod bundle is neglected because the lines for which the momentum transport disappears are selected in the calculations to be the lines resulting if the rods proper and rod and channel wall, respectively, are subdivided at their closest distances.
However, in general these simplifications have but a negligible effect on the friction factors, as has been proved by various authors.
COMPARISON BETWEEN CALCULATED AND AND MEASURED DATA
The method suggested above will be tested with triangular shaped ducts, eccentric annuli, and rod bundles. Figure 6 shows the data measured by Carlson [28] , which were reported also by Eckert and Irvine [16, 29] , obtained from triangular shaped ducts. Agreement between the measured values and the calculated ones is good. For small angles, the transition from laminar to fully developed turbulent flow obviously is 'not yet complete, hence, the slightly greater deviation.
For eccentric annuli, Fig. 7 contains the data measured by Johnson [30] for a diameter ratio of dt/d 2 = 0'75 and dt/d 2 = 0,281, respectively. In the case of the lower diameter ratio there is excellent agreement between measured and predicted values; this is not the case for the higher diameter ratio. The data measured by Tiedt [19] show the same behaviour (Fig. 8) . For low diameter ratios, again, experiment and theory are in excellent agreement; for high diameter ratios agreement is excellent for the concentric case only. Figure 9 shows the measured data by Bourne, Figueiredo and Charles [31] for a diameter ratio of'd.yd, = 0·813 (top). In the turbulent region, the predicted line fits the data excellently, even for a high diameter ratio. Data by Lee [32] are shown in Fig, 9 (bottom) for a diameter ratio of d t/d2 = 0·387.
In this case, there would be excellent agreement with the predicted values if all the data were shifted by about 10 per cent, a margin which is necessary also for good agreement between the predicted and the measured values for other , -,~, ,;;.--- diameter ratios tested by Lee and not shown here. The assumption that the data by Lee are too high is reasonable, if one considers the excellent agreement between theory and experiments of different authors in the case of concentric annuli [33] .
To illustrate the difference between the predicted values and the measurements for high diameter ratios, Fig. 10 shows all measurements known to the author which are related to the concentric values for maximum eccentricity (e = 1,0) and different diameter ratios.
The values measured by Jonsson [30] and Tiedt [19] are the lowest for high diameter ratios; they are correlatedrather well-especially with respect to the dependence on the diameter ratio-by the calculations of Eifler and Nijsing [34] . The experimental results of Bourne et al. [31] , Lee [32] , Denton [35] , and Dodge [36] are higher and well correlated by the method suggested above. It is impossible to decide at this time which experimental values are best, even in the light of the data measured by Diskind [37] for eccentricities between e = 0·9 and e = 0'97 tending to the higher values, and the investigation of Stampa [38] who reported "the influence of eccentricity measured by Tiedt could not be verified by OUf Für the square array, Gunn and Darling [1, 43] have performed measurements on one centre, side and corner channel each. Figure 17 shows the results. Agreement with calculated data is good. The theoretical geometry factors for laminar flow [15] were used for calculation. The values measured in the laminar area are slightly higher than the theoretical solution. The agreement would be perfect if the values measured by Darling were used for K. For P/D = 1 in a square array, measured results have been communicated also by Ushakov et al. [44] . Agreement is good (Fig. 18) . 
circular tube Courtaud et al. [22] performed experiments with a large number ofrod distances. The results are shown in Fig. 11 . Except for the extreme position, in which the rods contact each other, there is excellent agreement between the calculated and the experimental data. The same applies to the studies conducted by the author on rod bundles in hexagonal channels with rod distance ratios P/D equal to the wall distance ratios W/D [39, 40] for different rod distance ratios and rod numbers, as is shown in Figs. 12-14. Also for other wall distances there is good agreement between experiment and theory. This is shown by the measured data of Galloway and Epstein [41, 42] for 19-rod bundles with half the rod distance as the wall distance (Fig. 15) . The results measured by Gunn and Darling [1, 43] for rod bundles in a square array could well be described also by the curve determined by the G*-method (Fig. 16) . The excellent description of the experimental results by the theoretical method is shown especially I.
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1' -... shows the results measured by Subbotin et al. [45] , and Levcheko et al. [8] . All measured values are excellently described by the curve of the friction factor by the G*-method. 6 . CONCLUSIONS
In summary it can be said that the friction factors calculated by the method outlined for turbulent flow in channels with non-circular cross sections very "well describe the experimental data at hand.
The method is very simple because it requires only knowledge of the geometry factor for laminar flow, which is a condition that can be fulfilled as a rule for the channels occurring in practice.
In that case, the geometry factors A and G* can be taken from two diagrams in which the pressure drop relationship Because of its easy application and yet high accuracy, this method of calculation of friction factors in turbulent flows is superior to all the methods of calculation previously suggested. Hence, it can be used also for other .shapes of channe1s to predict friction factors for turbulent flow with sufficient accuracy and in a simple way.
